Abstract
Introduction
37 million people are living with human immunodeficiency virus (HIV) infection (www. unaids.org). The so-called "highly active antiretroviral therapy" (HAART), [1] [2] [3] combinatorial use of 3 or 4 antiretroviral therapeutics (ARTs) determined reduction of the viral load and extension of the patients' lives. [4, 5] However, for an increasing number of patients these medicines lost their efficacy due to the emergence of resistant HIV variants. Development of alternative drugs exhibiting broad and sustained antiretroviral activity against HIV-1 remains a pursued goal to date. [6] a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
In view of the development of new anti-HIV therapy targeting the single steps of HIV life cycle, thousands of molecules have been tested. Among these, many have been designed and screened as virus entry inhibitors. [6, 7] Nowadays, enfuvirtide is the only effective entry inhibitor approved for use as anti-HIV in humans. [8] [9] [10] It is used in combined therapy with other anti-HIV drugs, but owing to its peptide nature-responsible for poor pharmacokinetic and high economic cost-, it has a restricted clinical application.
A crucial event for the entry of HIV in host cell membranes is the conformational rearrangement of the envelope glycoprotein gp41. During the structural refolding of gp41, more than one conformational events synergically work to realise the fusion of virus and cell membranes: i) the C-terminal heptad repeats (CHR or HR2) come in close proximity with the Nterminal heptad repeats (NHR or HR1); ii) the extreme hydrophobic "membrane proximal external region" (MPER) is exposed to the host cell and interacts with lipid surface, destabilizing the lipid bilayer. [11] [12] [13] [14] Many molecules have been screened as potential inhibitors of CHR-NHR interaction in gp41 [15] [16] [17] [18] [19] ; others as potential inhibitors of the binding between MPER and the host cell membrane. [20] Among the molecules tested for their ability to prevent the interaction of MPER with the host cell membrane, we have extensively studied C8, an octapeptide corresponding to the sequence 770-777 of MPER in gp36 glycoprotein of feline immunodeficiency virus (FIV). [21] FIV is the pathogen of the acquired immunodeficiency syndrome (AIDS) in felines.
[22-24] It exhibits biological properties very similar to HIV, and as such it is considered a useful non-primate model to study HIV infection, and to test anti-HIV vaccine [25] [26] [27] and drugs. Analogously to HIV, FIV [28] enters cells thanks to gp36, the envelope glycoprotein [29] [30] [31] showing the same structural and functional properties of gp41. [32-34] C8, including three equally spaced Trp residues in its sequence, elicits antiviral activity preventing the entry of the virus in the host cells. C8 is endowed with strong membrane binding property, and many evidence show that its antiviral action is based on its ability to prevent the interaction of gp36 MPER with the surface of the host cell. [35] Previously, we extensively investigated the membrane active properties of C8 using different physical-chemical methodologies.
[36] C8 was studied by circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy, showing β-turn conformations in micelle solution; the regularity of this structure varies with the charge of the micelle surface and the positioning of the Trp side chains on the lipid surface. [36-39] C8 was analysed by EPR and fluorescence spectroscopy and the results were validated by molecular dynamic calculations: in lipid vesicles of varying complexity and composition, C8 was able to disrupt phospholipid bilayers, reducing membrane thickness and inducing membrane fusion. [36] [37] [38] [39] Structure-activity relationship analysis on shorter synthetic derivatives of C8 revealed the importance of Trp residues for the antiviral activity.
[37] Experiments performed to test the inhibition of the replication of primary FIV isolates in lymphoid cells showed that the fragment of C8 (C6a) deriving from the truncation of the C8 N-terminal residues 770 WE 771 (Fig 1), showed a twofold IC 50 In the present work, we report the conformational analysis of C6a and C6b by CD and NMR spectroscopy in micelle solution composed of dodecylphosphocholine (DPC)/sodium dodecyl sulphate (SDS) 90:10 M/M. On a higher dimension scale, we studied C6a and C6b using confocal microscopy imaging on vesicles characterized by different phospholipid compositions. [40] Our data allow identifying the conformational factors determining the different C6a and C6b membrane binding properties and hence the different antiviral activity profiles.
One major concern relative to the anti-HIV fusion inhibitors is their peptide chemical structure and the high number of residues. [41] A valuable quality of C8 and its derivatives is the small size. The structural features of C6a and C6b derived from our analysis, matched to those of their parent peptide C8, lead to describe a pharmacophore model for anti-HIV fusion inhibitors; this includes the essential structural motifs to design new simplified molecules overcoming the limitations affecting the entry inhibitors that currently are in clinical application.
Materials and methods

Peptide synthesis
The C8, C6a and C6b peptides were synthesized by the Fmoc solid phase synthesis method according to the previously published procedure.
[36] For the confocal microscopy analysis, all peptides labelled with nitrobenzoxadiazole (NBD) fluorophore and the L-diamino propionic acid Fmoc-Dap(NBD)-OH) [40] Structural basis of antiviral activity of peptides A total of 10 μL of each solution, in the presence or absence of NBD-labelled C8, NBDlabelled C6a and NBD-labelled C6b peptides was taken and spotted onto a cover slip. Images were acquired as previously described [43, 44] on a laser scanning confocal microscope (LSM 510; Carl Zeiss MicroImaging) equipped with a plan Apo 63X, NA 1.4 oil immersion objective lens. For each field, both fluorescent and transmitted light images were acquired on separate photomultipliers and were analysed with Zeiss LSM 510 4.0 SP2 software. In samples in which different z-planes were distinguishable, a z-stack acquisition mode was performed to focus a single z-plane, as published previously. [45] CD analysis CD experiments were performed at 25˚C on an 810-Jasco spectropolarimeter as an average of 4 scans with 10 nm/min scan speed, 4 s response time and 2 nm bandwidth, using a quartz cuvette with a path length of 1 mm, a measurement range from 190 to 260 nm (far UV), at temperature of 25˚C. Throughout the measurements, the trace of the high-tension voltage was verified to be less than 700 V, which ensures the reliability of the obtained data.
Confocal microscope Imaging of liposomes
Far UV CD spectrum of only mixed micelles (DPC/SDS 90:10 M/M (27 mM/3 mM)) in aqueous solution (pH 7.4, 10 mM phosphate buffer containing H 2 O) was acquired as reference, than 500 μM of C6a and C6b peptides were added to mixed micelles for the conformational analysis. [46] The processed curves of C6a and C6b peptides in mixed micelles were obtained by using Spectra Analysis tool of Jasco software. The CD curves of C6a and C6b peptides in mixed micelles were corrected for the solvent contribution by subtraction of CD reference spectrum and then final CD spectra were obtained after baseline correction and binomial smoothing. Those resulting spectra were used for the estimation of the secondary structure content using the algorithms CONTIN and SELCON from the DICHROWEB website. [47] 
NMR analysis
Samples for the NMR experiments were prepared at 1 mM C6a and C6b concentrations, in a mixture of d 38 -DPC or d 25 -SDS 90:10 M/M (27 mM/3 mM) in aqueous solution (pH 7.4, 10 mM phosphate buffer containing H 2 O/D 2 O). [46] For the spin label experiments, the 5-and 16-doxylstearic acids were solubilized in dimethyl sulfoxide-d 6 and then added to the samples.
The NMR spectra were recorded on a Bruker DRX-600 spectrometer. All samples had a recording of the 1D 1 H homonuclear spectra in the Fourier mode, with quadrature detection and two-dimensional (2D) TOCSY and NOESY spectra in the phase-sensitive mode using quadrature detection in ω1 by time-proportional phase incrementation of the initial pulse. [48] [49] [50] Water signal was suppressed using WATERGATE pulse sequence experiments. [51] Data block sizes contained 2048 addresses in t 2 and 512 equidistant t 1 values. Prior to Fourier transformation, the time domain data matrices were multiplied by shifted sin 2 functions in both dimensions. A mixing time of 70 ms was used for the TOCSY experiments. The NOESY experiments were run at 300 K with mixing times in the range of 100-300 ms. Qualitative and quantitative analyses of TOCSY and NOESY spectra were carried out using SPARKY software. [52] NMR structure calculations
Peak volumes were translated into upper distance bounds with the CALIBA routine from the CYANA software package. [53] The requisite pseudo-atom corrections were applied for nonstereo specifically assigned protons at prochiral centres and for the methyl group. After discarding redundant and duplicated constraints, the final list of experimental constraints was used to generate a group of 100 structures by the standard CYANA protocol of simulated annealing in the torsion angle space (using 10.000 steps). No dihedral angle or hydrogen bond restraints were applied. The best 20 structures that had low target function values and small residual violations were refined by in vacuo minimization in the AMBER 1991 force field using the SANDER program of the AMBER 5.0 suite. [54, 55] In order to mimic the effect of solvent screening, all net charges were reduced to 20% of their true values. Additionally, a distance-dependent dielectric constant (ε = r) was used. The cut-off for non-bonded interactions was 12 Å. The NMR-derived upper bounds were imposed as semi-parabolic penalty functions, with force constants of 16 Kcal/mol Å 2 . The function was shifted to be linear when the violation exceeded 0.5 Å. The best 10 structures after minimization had AMBER energies ranging from -441.4 to -391.1 Kcal/mol. The final structures were analysed using AutoDock 4.2 software. [56] Results 
Confocal microscopy imaging
CD and NMR conformational analysis
The conformational behaviour of C6a and C6b was studied in mixed DPC/SDS (90:10 M/M) micelles using CD and NMR spectroscopy. [46] Micelle solutions are often used as a biomimetic membrane model to study the structural features of membranotropic molecules. They are made of surfactants, such as the zwitterionic DPC and the negatively charged SDS, at concentrations much higher than their critical micelle concentration (c.m.c.). These surfactants form spherical aggregates where the polar head groups are located on the surface and the hydrophobic tails point to the centre. Micelle solutions are ideal systems for solution CD and NMR spectroscopy, as they tumble sufficiently quickly to result in high-resolution spectral lines. [57, 58] Quantitative evaluation of the CD spectra using CONTINN algorithm (DICHROWEB website) [47] confirm these indications.
NMR spectra of C6a and C6b in the same mixed DPC/SDS micelle solution (90:10 M/M) were acquired using a Bruker DRX-600 spectrometer. 2D COSY, TOCSY and NOESY data were recorded to allow for chemical shift assignment, according to the conventional procedure of Wuthrich. [59] The proton chemical shifts are reported in the Supporting Information (S1 and S2 Tables). COSY, TOCSY and NOESY spectra were analysed using SPARKY software.
[52] The sequential and medium-range connectivities observed in the NOESY spectra (S2 Fig) indicate the presence of folded structures in both the peptides. NOE data were transformed in interprotonic distances for the calculation of C6a and C6b NMR structures using CYANA software. [60] (Fig 5) . Inspection of the side chains in C6a NMR structures evidences a parallel orientation of the Trp indolyl rings, to expose a large hydrophobic surface.
Analysis of C6b NMR structure bundle indicates the prevalence of non-canonical secondary structures. The amino acid side chains form a globular amphipathic structure exposing, on one side, the negatively charged side chains of An estimation of the molecular surface, calculated according to the aptitude of the peptides to engage electrostatic/polar interaction with positively/negatively charged surfaces, or , very similar to that of C6a. Moreover, the molecular surfaces of C6a and C6b and of their parent peptide C8 shows several spots of electrostatically charged surfaces. According to molecular dynamic calculations performed by us, [38] these charged sites engage electrostatic interactions with the polar heads of the phospholipids. Hence, hydrophobic and electrostatic interactions are synergic to destabilize the phospholipid bilayer and modify membrane size and shape.
Spin-label studies
The NMR analysis in DPC/SDS 90:10 M/M micelle solutions was the starting point to investigate the positioning of the peptides with respect to the surface and interior of the micelle using respectively, differ in their activity profiles: C6a inhibits the replication of primary FIV isolates in lymphoid cells, whereas C6b is nearly inactive. C6a and C6b are structurally similar: i) both are fragments of C8; as shown in Fig 1, they are characterized by the same amino acid composition, except for one residue; ii) both include two out of the three Trp residues. To elucidate the structural factors causing the different biological activities of C6a and C6b, we performed CD and NMR conformational analysis in mixed micelle solutions composed of zwitterionic DPC and negatively charged SDS. On a larger scale, we analysed by confocal microscopy the effect of the two peptides on MLVs containing zwitterionic DOPC and negatively charged DOPG phospholipids. Confocal microscopy data confirmed the relationship between antiviral activity and the membrane active properties. The interaction with the vesicle surface of the antiviral active peptides C6a and C8, induce perturbation of the bilayer architecture and consequent modification of vesicle size and shape. On the contrary, DOPC/DOPG vesicles remain unmodified in their size and shape upon the action of C6b. Fig 3 shows a comparison of confocal microscopy images of MLVs with different DOPC/DOPG compositions, including either C6a or C8. Both, C6a and C8 induce membrane tubulation in a manner dependent on the DOPC/DOPG ratio. In MLVs characterized by zwitterionic phospholipid content less than 50%, the effect of C6a is an increase of vesicle size possibly consequent to vesicle fusion. In contrast, in MLVs having a zwitterionic phospholipid content greater than 50% (or in pure DOPC vesicles), C6a induces membrane deformation with the appearance of a complex network of membrane tubes. Interestingly, our data indicate that the effect of the peptide on the membrane is critically dependent on the properties of the phospholipid bilayer: this aspect is important and requires attention when considering the risk for virus resistance. As previously reported, the conformations of C6a and C6b were studied in mixed zwitterionic DPC/SDS (90:10 M/M) micelles. Consistent with the observation of a high number of NOE effects in 2D NOESY spectra, the two peptides assume non-random coil but well-structured conformation in the micelle solution. This may be explained considering that they are confined to the surface of micelles and have limited conformational freedom. Analysis of the backbone dihedral angles reveals that C6a adopts regular β-turn structures involving the residues 773 WVGW 776 (S4 Table) , while C6b assumes folded, but non-canonical, secondary struc- D are on the opposite side with respect to the tryptophan indolyl rings (Fig 6) .
Many peptide molecules have been studied as antiviral fusion inhibitors. However, those approved for antiviral therapy have high molecular weight, with complications deriving from the high economic cost and the difficulty of administration. C8 and its derivatives are small peptides. The comparison of the most representative conformations of C8 and C6a (Fig 7) indicates that it is possible to draw a pharmacophore model including the indolyl rings of the 771 N-terminal residues may explain the 2 times less activity of C6a as compared to the C8 for FIV-M2. Accordingly, we can speculate that activity at vesicle surface and at cell membrane rely in the synergic molecular interactions involving Trp indolyl rings and negatively charged aminoacid: these induce destabilization of the bilayer, determining membrane tubes and membrane fusion.
Conclusions
C6a and C6b two derivatives of the C8 anti-FIV peptide, although very similar to their precursor show different activity profile: in particular, C6a preserves anti-viral activity, while C6b is nearly inactive. We analysed C6a and C6b in bio-membrane mimicking environments using confocal microscopy and CD and NMR spectroscopy. Our data provide additional evidence that common antiviral activity profiles correspond to similar membrane binding properties: actually C6a, similarly to C8, has the ability to destabilize membrane vesicles, producing complex network of membrane tubes. pharmacophoric model that can be considered the basis to design simplified molecules, overcoming the pharmacokinetic and high cost limitations affecting the entry inhibitors currently used as anti-HIV therapeutics.
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